Leaching and adsorption of copper complexes simultaneously occur in ammoniacal thiosulphate resin-solution systems. The reaction requires good control-independent variables to minimize reagent consumption as well as to obtain optimal adsorption of copper complexes on resin. This work proposed the development of a mechanistic model for the speciation of copper complexes in such a system. A set of experiments was conducted to validate the mechanistic model, and a comparison of the results showed that the mechanistic model is in very good agreement with the measurement-based result with the correlation coefficient (R 2 ) being 0.997. In addition, the effect of independent variables was investigated. The effect of initial thiosulphate concentration on the most dominant copper complex species of Cu(S 2 O 3 ) 3 5− (s) on resin and the possibility to minimize the reagent for the optimal concentration of species were investigated. In addition, a constraint was needed in the concentration of ammonia in solution to achieve the optimal adsorption of CuNH 3 (S 2 O 3 ) 2 3− (s) complex.
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INTRODUCTION
Thiosulphate leaching of gold is the most promising alternative to cyanidation because the process is environmentally friendly (Muir and Aylmore 2004; Hilson and Monhemius 2006) . Using ammoniacal thiosulphate in the leaching of gold is considerably much more economical than cyanidation because less reagent is typically needed (Aylmore 2001) .
Copper is generally found in the gold leaching of complex ores (Bhappu 1990; Marsden and House 1992) . The presence of copper decreases the gold leaching efficiency, and it consumes an increased amount of reagent (Fagan et al. 1997; Huang et al. 1997) . Gold leaching with thiosulphate, ammonium and copper ions is also a complex process due to copper(I) oxidation with oxygen as the oxidant (Tozawa et al. 1981; Langhans et al. 1992; Li et al. 1995) .
The concentration of Cu(II) linearly affects the gold leaching rate at low concentrations of Cu(II), which is less than 0.005M (Jeffrey et al. 2001 ). In the thiosulphate leaching of gold in the presence of copper(II) and oxygen, the oxidation of thiosulphate by oxygen results in an increased reduction of copper(II) to copper(I). The oxidation of copper(I) by oxygen leads to the formation of superoxide and hydroxide radicals (Breuer and Jeffrey 2003) . The stability constants of related equilibrium reactions in the copper(I)-thiosulphate and the copper(I)-ammonia systems in various media can be used to obtain the concentration of species in the solution of thiosulphate copper leaching (Black 2006) .
Thiosulphate, polythionates and gold are adsorbed on anion-exchange resin, and the quantification of thiosulphate and polythionates in gold leach solution on the resins is worked out using high-performance liquid chromatography (HPLC) analysis (Jeffrey and Brunt 2007) . The degradation of thiosulphate takes place because of the oxidation product of tetrathionate in ammoniacal thiosulphate systems (Wan 1997; Nicol and O'Malley 2002) . However, this degradation is not found to occur in the non-ammoniacal resin-solution thiosulphate system of gold adsorption using 5mM trithionate (Muslim 2009). The adsorption of copper on resin exponentially decreases with the increase of concentration of ammonia in resin-solution systems with 5mM trithionate in the solution. Copper complex of Cu(S 2 O 3 ) 3 5− is predicted to be a dominant species based on the numerical leaching modelling (Muslim 2012).
From the previous works, it is clear that leaching gold with ammoniacal copper thiosulphate requires good control of the chemistry and speciation to maintain the chemical composition, to minimize reagent degradation and to maximize gold product with less copper by pre-elution of copper. However, this process requires a sound understanding of the mechanism and a better modelling to clearly show the effect of independent variables on the copper thiosulphate complexes adsorbed onto the resin and on the speciation.
Therefore, this study aims to investigate the effect of independent variables on the equilibrium concentration of copper complexes adsorbed on resin, to develop a mechanistic model for ammoniacal thiosulphate leaching of copper. The model developed is analytically solved to understand the speciation of copper complexes adsorbed on resin, and to investigate effect of independent variables on the copper thiosulphate complexes adsorbed on resin.
EXPERIMENTAL ANALYSIS

Ammoniacal Thiosulphate Leach Solutions
Ammoniacal thiosulphate leach solutions were prepared in 200-ml volumetric flasks using the same procedure as mentioned in a previous work (Muslim 2012). The leach solution conditions for each experiment are presented in Table 1 . The chemicals used were analytical reagent-grade ) , which is standardized using acid-based titration (Karen 2008 ).
Adsorption of Copper in Resin-Solution System
The experiments of copper adsorption in the resin-solution system were conducted using the same procedure as specified in a previous work (Muslim 2012). A commercial strong base macroporous cross-linked polystyrene resin (Purolite A500/2788) was applied to adsorb copper on resin.
Copper was absorbed in 130-ml plastic bottles and rolled at 35 rpm. Sodium chloride (NaClO 4 ) was used for the desorption of copper from resin to solution. Sodium cyanide (NaCN) was mixed with desorption samples to stabilize the copper complexes. The conditions for each experiment are presented in Table 1 .
Sample Analysis
Chemical analysis for copper concentration in all the samples of leach solution was carried out using the same method as mentioned in the previous works. Ethylenediamine was used to mask copper in the analysis. Waters 2695 HPLC separation module with Empower software was to calculate the peak area of copper (Aksu and Doyle 2002; Waters 2002; Jeffrey and Brunt 2007; Muslim 2012) . Copper thiosulphate standard was prepared; it is be noted that copper thiosulphate peak interferes with the thiosulphate analysis. The wavelengths of ultraviolet adsorption for thiosulphate and copper thiosulphate were 214 and 230 nm at the concentration of 5 and 1.57mM with the peak area of 10.72 and 7.77, respectively, for the injection volume of 10 µ1. Meanwhile, results of chemical analysis for copper in all the samples of desorption solution were obtained using inductively coupled plasma optical emission spectrometry.
MODELLING OF COPPER COMPLEXES SPECIATION
Equilibrium Reactions of Copper Complexes
The leaching and adsorption of copper complexes are expected to simultaneously occur in ammoniacal thiosulphate resin-solution systems. Copper(I) in the solution reacts with thiosulphate and ammonia to form either copper thiosulphate complexes or copper amine complexes in solution. Following the copper leaching, these copper complexes are adsorbed on resin. However, because the copper complexes in solution and on resin are in reversible state, the concentration of copper complexes in solution and on resin is also expected to dynamically change over time. The fluctuation of concentration of copper complexes seems to become smaller and smaller until reaching a steady state, in which all the copper complexes on resin are at equilibrium. Therefore, the mechanism of speciation of copper complexes requires the following equilibrium reactions of ammoniacal thiosulphate resin-solution systems. The equilibrium reactions within Cu(I) and thiosulphate could be written as follows:
(1)
The equilibrium constants for equations (1-3), can be expressed as follows:
where β1, β2 and β3 represent the equilibrium constants for equations (1-3), respectively, V r is resin volume (ml) and V s denotes solution volume (ml). The equilibrium reactions within Cu(I) and ammonia are shown as follows:
(4)
The equilibrium constants for equations (4-6) can be respectively expressed as follows:
The equilibrium reactions within Cu(I), ammonia and thiosulphate to form the mixed ligands Cu(NH 3 )(S 2 O 3 ) and Cu(NH 3 )(S 2 O 3 ) 2 3are shown by equations (7 and 8)
The equilibrium constants for equations (7 and 8) can be respectively expressed as follows:
Because the aforementioned reactions involve ammonia, the speciation relies on the dissociation constant (pK a ) of the ammonium ion (NH 4 + ) in the resin-solution system. The equilibrium reaction can be written as equation (9) (9) The equilibrium constant of the ammonium ion is as follows:
The solution pH can be derived from equation (10) as follows: (11) The equilibrium ammonia concentration, denoted as [NH 3 ], is controlled by the solution pH, and the equilibrium ammonia concentration can be obtained from the initial ammonia concentration, denoted as [NH 3 ] int , which can be calculated using equation (12), derived from equation (11) 
The value of equilibrium constants β 1 , β 2 , β 3 , β 4 , β 5 , β 6 , β 7 and β 8 equals to 1.95 ∞ 10 09 , 1.48 ∞ 10 12 , 3.02 ∞ 10 14 , 6.31 ∞ 10 5 , 2.34 ∞ 10 10 , 8.51 ∞ 10 09 , 4.68 ∞ 10 12 and 1.05 ∞ 10 14 , respectively (Black 2006; Muslim 2012) . Because there are nine equations involved in the resin-solution system, the nine unknowns of A, B, C, … and I with the knowns of N, T and T int are taken into account to analytically solve the unknowns. As the result, the solved key equation is worked out to be equation (22). Then, the remaining eight unknowns can be easily obtained. 
Dynamic Leaching and Adsorption of Copper in Resin-Solution System
An initial experiment was conducted to investigate dynamic leaching and adsorption of copper in the ammoniacal thiosulphate resin-solution system with 1mM cupric sulphate pentahydrate, 100mM concentration of ammonium thiosulphate, 1mM concentration of sodium trithionate and 0.3 g resin without additional ammonia in the solution. The samples of copper in the form of copper thiosulphate were analyzed using HPLC. As expected, the leaching and adsorption of copper occur simultaneously as shown in Figure 1 . As can be seen in Figure 1 , the concentration of copper during the 30-minute leaching dynamically changes, and it sharply decreases from 1 to approximately 0.897mM during the 15-minute leaching. It then increases to approximately 0.911mM at the 30-minute leaching.
The adsorption of copper is initiated by placing the resin in solution (30 minutes from the beginning of leaching time as denoted in Figure 1 ). The concentration of copper during 150 minutes of adsorption also changes dynamically, whereas it moderately decreases from 0.911mM (at the start of adsorption) to 0.891mM at 15 minutes of adsorption and 0.888mM at 30 minutes of adsorption. As shown in Figure 1 , the concentration of copper lifts up to 0.903mM at 60 minutes of adsorption, and it slowly increases to 0.906mM at 90 minutes of adsorption, which remains in equilibrium concentration until 150 minutes of adsorption.
By highlighting the HPLC results on copper thiosulphate shown Figure 1 , it can be expected that the diminishing of copper thiosulphate in solution during the leaching is due to the transformation of copper thiosulphate following the proposed equilibrium reactions during both leaching and adsorption [equations (1-8) ]. The fluctuated concentration of copper thiosulphate is acceptable due to the simultaneous reversible reactions taking place in ammoniacal thiosulphate resin-solution system, and also because it is stable at the equilibrium time. In addition, using the proposed model, the initial and equilibrium concentration of thiosulphate can be taken into account as the baseline to predict the concentration of copper complexes in the solution.
However, modelling the analytical speciation of copper complexes in the systems needs steadystate condition, in which the concentration reaches equilibrium. Moreover, it is necessary to apply a constraint in which the predicted total concentration of copper complexes on resin should be the same as the copper concentration based on HPLC analysis. Therefore, mechanistic model equations were developed to deal with copper complexes speciation on resin, as presented in equations (23-28), in which A int represents the initial concentration of copper thiosulphate, which is assumed to be the same as the concentration of cupric sulphate pentahydrate and [Cu complexes(s) ] is the total concentration of copper on resin. 
Validation of Mechanistic Model-Based Copper Complexes Speciation
To validate the proposed model for speciation of copper complexes on resin, one set of experiment comprising 12 runs was conducted in the range of experimental conditions listed in Table 1 . The samples of solution at 0 and 180 minutes were collected and analyzed using HPLC. The deviation of solution concentration at these sampling times based on HPLC reading was taken into account to calculate the total concentration of copper on resin. Meanwhile, the data from Table 1 were taken into account to predict each concentration of copper complex on resin for 12 runs of simulation using the proposed model. The sum of concentration of copper complexes is obtained as the total concentration of copper complexes on resin based on modelling. As a result, the concentration of each copper complex can be obtained. The total concentration of copper complexes on resin based on modelling is compared with the total copper complexes on resin based on measurement using HPLC as can be seen in Figure 2 . As clearly shown in Figure 2 , the model-based result is in a very good agreement with the result based on measurement with the least-square correlation coefficient (R 2 = 0.997). This indicates that the proposed mechanistic model is reliable for speciation of copper complexes in ammoniacal copper thiosulphate resin-solution system. 
Dominant Species of Copper Complexes on Resin Based on Model
The speciation of copper complexes on resin in copper ammoniacal thiosulphate resin-solution system was conducted by simulation of the proposed mechanistic model. The concentration of each copper complex for the 12-run simulation is shown in Figure 3 . As highlighted in Figure 3 According to the proposed mechanistic model of equation (3e), the copper complex on resin is in proportion with the one in solution, and all the copper complexes in solution are expected to be fully adsorbed on resin. In addition, from this simulation, it is important to know the effect of independent variables on the equilibrium concentration of copper complexes adsorbed on resin.
Effect of Thiosulphate Concentration on Copper Complexes on Resin
The effect of thiosulphate concentration on the equilibrium concentration of copper complexes on resin in copper ammoniacal thiosulphate resin-solution systems can be investigated using the simulation results shown in Figure 3 . To clearly see the trend, the related graphs were picked up, and are shown in Figure 4 .
It is found that the concentration of thiosulphate really affects the concentration of copper complexes on resin in the system without the addition of ammonia in solution. Thiosulphate concentration exponentially decreases from 81.96 to 40.93mM and 26.05mM for the initial thiosulphate concentration of 25, 50 and 100mM, respectively. Meanwhile, the addition of ammonia results in a moderate decrease of thiosulphate concentration as viewed by the 1st to 2nd bottom graphs in Figure 4 . These trends imply that thiosulphate concentration really controls the Cu(S 2 O 3 ) 3 5− (s) species in the system, especially without the addition of ammonia in the solution. Overall, the total concentration of copper complex Cu(S 2 O 3 ) 3 5− (s) on resin exponentially decreases with the increase in the initial concentration of thiosulphate as can be calculated from the plots in Figure 4 . The leaching reagent of thiosulphate can be minimized to get the optimal adsorption of copper thiosulphate complexes on resin.
Effect of Ammonia Concentration on Copper Complexes on Resin
As can be seen in Figure 4 , the addition of ammonia influences the most dominant copper complex of Cu(S 2 O 3 ) 3 5− (s) adsorbed on resin, whereas addition of more ammonia results in the decrease of the species concentration. It can be because more Cu(I) transforms into the second dominant copper complex of CuNH 3 (S 2 O 3 ) 2 3− (s) to be adsorbed on the resin. However, it seems that the increase in CuNH 3 (S 2 O 3 ) 2 3− (s) concentration on resin is unstable because the species concentration becomes lower when the addition of ammonia exceeds 100mM (see Cu Comp. SpI in Figure 5 ). 
